Introduction
Proteinase 3 (PR3), also called myeloblastin, 1 belongs to the family of neutrophil microbicidal serine proteinases, which are stored within azurophilic granules. 2 They are considered pro-inflammatory proteinases because they mediate deleterious effects on host tissues during inflammation. 3, 4 Intriguingly, among the numerous proteins contained within azurophilic granules, only PR3 and myeloperoxidase (MPO) are the main targets of antineutrophil cytoplasm antibodies (ANCA) associated with systemic vasculitides. 5, 6 More than 80% of Wegener's granulomatosis patients have anti-PR3 ANCA, while only 10% have anti-MPO. By contrast, microscopic polyangeitis, Churg-Strauss syndrome and pauci-immune crescentic glomerulosclerosis are generally associated with anti-MPO ANCA. 7 Unlike MPO, whose sub-cellular localization is restricted to azurophilic granules, PR3 has been detected on secretory vesicles membranes and the outer leaflet of plasma membranes. 8, 9 ANCA have a pathophysiologic role because they activate neutrophils when ANCA antigens are expressed at the neutrophil membrane. 7 We and others demonstrated that high percentages of membrane PR3-positive neutrophils could favor the development or progression of chronic inflammatory diseases, namely vasculitide and rheumatoid arthritis. 10, 11, 12 Moreover, enhanced membrane PR3 expression was observed on neutrophils from patients with sepsis. 13 Taken together, these data strongly suggest that membrane PR3 expression constitutes a pathogenic factor in ANCA-associated vasculitis and other inflammatory diseases involving neutrophils.
Because of the unexpected complex subcellular localization of PR3 in neutrophils, we previously investigated whether it could have specific molecular substrates and consequently, unanticipated functions. To explore this possibility, we used the rat mast cell lines (RBL-2H3) stably transfected with human neutrophil elastase (HNE), PR3 or its inactive mutant PR3S203A and demonstrated that PR3, unlike its homolog HNE, was able to access cytosolic, e.g. the cyclin-dependent kinase inhibitor p21/waf1, 14 or membrane substrates, e.g.
procaspase-3. 15 We also observed that PR3 could be expressed at the cell surface during apoptosis, independently of degranulation, and was strongly associated with only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013 . bloodjournal.hematologylibrary.org From phosphatidylserine (PS) externalization, 16 which is an "eat-me" signal recognized by macrophages. 17, 18 Thus, it became evident, at least in our model of stable transfectants, that PR3 was located outside the granules.
The aim of the present study was i) to identify the molecular mechanisms leading to membrane PR3 expression, and ii) to compare PR3 to MPO, another ANCA target, and to HNE, its close serine-proteinase homolog.
Herein, we provide evidence that PR3 was externalized during apoptosis and was associated with human phospholipid scramblase-1 (hPLSCR1), a protein that has been implicated in the bidirectional movement of plasma-membrane phospholipids in response to high cytosolic calcium levels, injury or apoptotic insult. 19 We also show that apoptosisinduced PR3 externalization decreased the macrophage-phagocytosis rate of apoptotic cells, independently of its enzymatic activity.
Materials and methods

Approval was obtained from the INSERM Institutional Review Board for these studies.
Control blood donors have given informed consent to give blood for research purposes.
Neutrophil and RBL-2H3 culture conditions and apoptosis induction
Human neutrophils were isolated from EDTA-anticoagulated healthy donor blood from the Etablissement Français du Sang (Paris, France), using density-gradient centrifugation through polymorphoprep (Nycomed) as previously described. 9 To trigger in vitro degranulation, neutrophils were pre-incubated with cytochalasin B (CB; 10 µg/mL; Sigma) in Hanks'
Balanced Salt Solution (HBSS) containing Ca 2+ /Mg 2+ (Gibco) for 5 minutes and were stimulated with 1 µM N-formyl-methionyl-leucyl-phenylalanine (f-MLP) (Sigma) for 15 minutes. To induce physiologic apoptosis, neutrophils were resuspended at 2x10 6 /mL in RPMI (Gibco) supplemented with 10% fetal calf serum (FCS) and kept for 16 hours at 4°C, before being incubated for 6 hours at 37°C in a humidified 5% CO 2 atmosphere. When only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From indicated, neutrophil apoptosis was also potentiated with gliotoxin (2 µg/mL; Sigma) which inhibits NF-κB signaling. 20 RBL-2H3 were transfected with pcDNA3 plasmid alone, pcDNA3/PR3 or pcDNA3/PR3S203A, and were cultured as previously described.
14 Apoptosis was induced by 16 hours of incubation at 37°C with 25 µM etoposide (Dakota Pharma), which triggers apoptosis via the mitochondrial pathway.
15
Neutrophils or RBL-2H3 labeled with phycoerythrin (PE)-conjugated annexin-V and 7-Amino-Actinomycin D (7-AAD) were used to assess apoptosis, 21 and necrosis, 22 respectively, as previously described. 16 Cells were analyzed using a FACScan flow cytometer (CELLQuest software of Becton-Dickinson Immunocytometry Systems).
Flow-cytometry analysis of PR3, HNE, MPO, CD35, CD66b, CD63 or PLSCR1 membrane expression
After incubating neutrophils (5x10 5 ) with heat-aggregated goat IgG-5% FCS to block membrane Fc receptors, cells were incubated for 30 minutes with either mouse anti-PR3 CLB (2 µg/mL; CLB-12.8 clone) 23 , mouse anti-MPO (2 µg/mL; CLB), or mouse anti-HNE (37 µg/mL; Biogenesis clone 39A) monoclonal antibodies, followed by FITC-conjugated anti-mouse IgG (2 µg/mL; Immunotech) for 30 minutes. 9 Membrane expressions of CD35, CD66b and CD63 were assessed using anti-CD35-FITC (25 µg/mL), anti-CD66b-FITC (50 µg/mL) or anti-CD63-PE (8 µg/mL) (Immunotech), respectively. Transfected RBL-2H3 cells were analyzed with mouse anti-PR3 and mouse anti-rat (r)PLSCR1 (clone 129.2;
5 µg/mL) 24 monoclonal antibodies. Cytoplasts were also labelled with the mouse anti-PR3 monoclonal antibody (2 µg/mL) followed by biotinylated anti-mouse IgG and Alexa 488-conjugated streptavidin.
Cytoplast preparation
Cytoplasts or granule-free neutrophils were prepared from 3x10 8 neutrophils as described. 25 only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From Briefly, neutrophils were centrifuged through a discontinuous Ficoll-70 (Sigma) gradient (12.5%, 16%, 25%) containing CB (5 µg/mL), for 30 minutes at 34°C at 81,000xg. The upper band of cellular material was composed of 99% cytoplasts. After several washes in PBS, cytoplasts were resuspended at a final concentration of 8x10 6 /mL in RPMI-10% FCS and incubated for 16 hours at 4°C (basal conditions), or at 37°C in a humidified 5% CO 2 atmosphere to induce physiologic apoptosis with or without 0.1 µg/mL of gliotoxin.
Confocal-microscopy analysis of immunofluorescence labeling of PR3, PLSCR1 or αII-
spectrin.
Neutrophils, cytoplasts or RBL-2H3 cells were induced to adhere on poly-L-lysine-precoated coverslips, fixed in PBS-3% para-formaldehyde (PFA) and permeabilized with either methanol or streptolysin-O (SLO) 15 as indicated. After saturation with PBS-1% BSA, cells
were incubated for 45 minutes with the primary antibody and incubated for 30 minutes with the secondary antibody as follows: rabbit polyclonal anti-MPO (1.4 µg/mL; Calbiochem)
followed by FITC-anti-rabbit IgG (6 µg/mL; Jackson ImmunoResearch Laboratories) or mouse monoclonal anti-PR3 (2 µg/mL), followed by Alexa 488-anti-mouse IgG (6.7 µg/mL; Molecular Probes); rabbit polyclonal anti-αII-spectrin (2 µg/mL) 26 followed by Alexa 555-conjugated anti-rabbit IgG (13 µg/mL; Molecular Probes); rabbit anti-hPLSCR1 (2 µg/mL) produced against a peptide mapping the 306-318 amino acids (CESTGSQEQSSGVW) 27, 28 followed by Alexa 555-conjugated anti-rabbit IgG (13 µg/mL). The specificity of the antibody has been confirmed in neutrophils by fluorescence microscopy after competition experiments in the presence of the peptide (data not shown). To label cytoplast PR3, mouse anti-PR3 monoclonal antibody (8 µg/mL) was followed by biotinylated anti-mouse IgG (20 µg/mL; Dako) and Alexa 488-conjugated streptavidin (10 µg/mL; Molecular Probes). To label rPLSCR1 on RBL-2H3 cells, rhodamine-conjugated mouse anti-rPLSCR1 monoclonal antibody (3 µg/mL; clone 129.2) 24 was used. The specificity of the 129.2 antibody was confirmed by confocal microscopy (data not shown) and Western blot analysis ( Figure 6B ) in only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From rPLSCR1 siRNA experiments. To perform double PR3 and rPLSCRI immunolabeling in RBL cells, immunopurified rabbit polyclonal anti-PR3 raised against the whole protein (3 µg/ml, from the laboratory of Dr Jürg Wieslander (Wieslab AB, Lund, Sweden) specific for neutrophil PR3 was used. Slides were mounted using Vectashield mounting medium (Vector Laboratories) and analyzed either by fluorescence or confocal microscopy with a Zeiss LSM-5 confocal scanning laser microscope. Percentages of co-localization were determined using LSM software (Becton-Dickinson).
Co-immunoprecipitation experiments and Western-blot analysis
Co-immunoprecipitation experiments were performed with neutrophils under basal or apoptotic conditions. 24 Briefly, 2.5x10 6 cells were lysed in 500 µL of lysis buffer (50 mM NaCl, 50 mM NaF, 1 mM sodium ortho-vanadate, 1% Chaps, 50 mM Hepes, and antiproteinases: 4 mM PMSF, 400 µM leupeptin, 400 µM pepstatin, 2 mM EDTA) for 10 minutes at 4°C and centrifuged to obtain the soluble fraction. PLSCR1 was immunoprecipitated with rabbit anti-hPLSCR1 polyclonal antibody directly coupled to Sepharose-4B beads (Pharmacia). Mouse anti-PR3 monoclonal antibody (4 µg) was mixed with 70 µL of Sepharose-protein G beads (Amersham) and 400 µL of lysis buffer on a rotating wheel at 4°C for 4 hours. Antibody-coupled beads were incubated for 2 hours at 4°C with 500 µL of cell lysate to immunoprecipitate PR3. Controls consisted of incubating equivalent amounts of each lysate with isotypic control antibody-coupled to Sepharose beads. Bound material was eluted in 50 µL of Laemmli sample buffer 3X and analyzed by Western blotting as previously described 29 PR3 and hPLSCR1 were detected using a rabbit polyclonal anti-PR3 peptide 1, 14 and a rabbit polyclonal anti-hPLSCR1 27 , respectively, followed by horseradish peroxidase conjugated anti-rabbit IgG (1/5000; Nordic Immunology), using the SuperSignal West Pico detection kit (Pierce). Rhodamine-conjugated control siRNA was used to detect intracellular siRNA by flow cytometry and monitor transfection efficiency. Apoptosis was induced by 16 hours of incubation with 25 µM etoposide. RBL/PR3 transfected with specific rPLSCR1-siRNA or control-siRNA were lysed and rPLSCR1 expression was analyzed by Western blotting using the mouse anti-rPLSCR1 monoclonal antibody. The membrane was stripped by incubation in
rPLSCR1-siRNA experiments
Restore Buffer Solution (Pierce) and reprobed with anti-FcεRIβ (1 µg/mL; clone 30.9), 30 as the loading control. Blots were quantified after scanning of the films.
Quantification of phagocytosis of RBL-2H3 by macrophages
Human monocytes were isolated from blood, incubated for 24 hours in DMEM-10% FCS, 
Statistical analyses
Statistical analyses was performed using the Statview software package. Comparisons were made by analysis of variance (ANOVA) or Student's t-test when appropriate.
Differences were considered significant when the P value was less than .05.
Results
Apoptotic human neutrophils externalize PR3 without degranulation
We first sought to determine the mechanisms by which PR3 was translocated to the neutrophil surface as compared with proteins localized in azurophilic granules, namely HNE, MPO and CD63. Their membrane expressions were assessed by flow cytometry after neutrophil immunolabeling following either degranulation or apoptosis, and compared to basal conditions. Exocytosis of specific granules and secretory vesicles was evaluated as membrane CD66b or CD35 expression, respectively. 31 As previously described, 10 a subset of freshly isolated neutrophils expressed PR3 (socalled mPR3+ subset) at their surface. In the representative experiment reported in Figure   1A , 46% of neutrophils expressed PR3 at their membrane under basal conditions. By contrast, no HNE, MPO or CD63 could be detected but CD66b and CD35 were present. For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From * * P < .01) and CD66b (MFI 114.3 ± 8 versus 42.2 ± 2.8, n = 5, * * P < .01), and MPO (MFI 60.3 ± 8 versus 3.5 ± 0.4, n = 5, * * P < .01) detection. However, membrane HNE expression rose only slightly under these conditions, thereby confirming our previous findings obtained with neutrophils, 9 and stably HNE-transfected RBL-2H3 cells demonstrating that HNE was released as a soluble serine-proteinase but was not expressed at the plasma membrane. 16 Note the significant decline of membrane CD35 expression after azurophilic degranulation versus basal conditions (MFI 9.7 ± 0.3 versus 23.2 ± 2.2 n = 5, * * P < .01, respectively). This observation is not surprising, as surface CD35 downregulation after azurophilic degranulation attributed to intra-cellularly stored proteinases released during mobilization, has been reported. 32, 9 Physiologic apoptosis induction by 6 hours of incubation at 37°C was confirmed by the increase of PS externalization measured by flow cytometry after PE-conjugatedannexin-V-labeling ( Figure 1B ). Negative freshly isolated neutrophils became positive after apoptosis induction with respective mean membrane PS expression: 0 versus 41.4% ± 3.4 (n = 5). After physiologic apoptosis induction, membrane expression of proteins from azurophilic granules, e.g. CD63, specific granules, e.g. CD66b, or secretory vesicles, e.g. CD35, was not enhanced compared to basal conditions, demonstrating the absence of apoptosis-associated neutrophil granule exocytosis. Moreover, neither HNE nor MPO was detected on neutrophil surface. By contrast, membrane PR3 expression increased significantly in the mPR3+ subset vs basal conditions ( Figure 1C ). Thus, higher membrane PR3 expression was detected on neutrophils after apoptosis without degranulation and this feature was specific to PR3 as it was not seen for other granule proteins.
Apoptosis-enhanced PR3 expression on cytoplasts
To demonstrate that apoptosis and degranulation are two distinct mechanisms leading to PR3 mobilization to the neutrophil surface, we used cytoplasts as cellular models of granule-free neutrophils. 25 After May Grunwald Giemsa (MGG) staining cytoplasts were recognized by:
only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From 1) their absence of nuclei unlike neutrophils, and 2) their MPO negativity, confirmed by immunolabeling after methanol permeabilization (Figure 2A ). PR3 expression under resting conditions was observed by confocal microscopy after SLO permeabilization which precludes granule protein labeling. For cytoplasts, similar results were obtained after methanol permeabilization because they do not contain granules (data not shown). αII-spectrin is an ubiquitous protein associated with cytoskeletal molecules that form a complex scaffolding under the lipid bilayers. 33 Immunolabeling with anti-αII-spectrin was used to verify that cytoplast plasma membranes was intact (Figure 2A ). Another element indicating their integrity was the exclusion of trypan-blue dye by 99% of cytoplasts (data not shown).
Apoptosis was induced by an overnight incubation at 37°C with or without gliotoxin and yielded comparable percentages of PS externalization on cytoplasts and neutrophils surfaces expression, indicating, as expected, the absence of degranulation by granule-free cytoplasts ( Figure 2D ). Thus, granular PR3 pool is not required for PR3 externalization during neutrophil apoptosis. From these experiments using cytoplasts, it could be concluded that: 1)
PR3 was mobilized to the neutrophil surface upon apoptosis in the total absence of degranulation, and 2) apoptosis and degranulation appeared to be two distinct mechanisms leading to membrane PR3 expression on neutrophils.
hPLSCR1 as a molecular partner of membrane PR3
To understand how membrane PR3 could be involved in PS externalization during apoptosis, we hypothesized that PR3, which has been detected as being present in lipid rafts, 34 could interact with other proteins involved in PS flip-flop movements. hPLSCR1 one of these putative proteins, was localized to neutrophil membrane lipid rafts. 28 Therefore, we examined the co-localization of PR3 with hPLSCR1 in neutrophils, by immunofluorescence labeling only.
For
15 Immunofluorescence double-labeling experiments were performed (mouse monoclonal anti-PR3 and a rabbit polyclonal anti-hPLSCR1 antibodies), under basal conditions or after physiologic apoptosis induction. As a first step, we evaluated the expression of both proteins using fluorescence microscopy. As shown in figure 3A , all neutrophils expressed PR3 and PLSCR1. To precisely determine colocalization, we next used confocal fluorescence microscopy. This analysis provided evidence that, in resting neutrophils PR3 (green) and hPLSCR1 (red) were partially localised in the cytosol but also on membranes ( Figure 3B ). PR3 and hPLSCR1 co-localization, calculated with LSM software, rose significantly after physiologic apoptosis induction ( Figure 3C ), suggesting a modification of subcellular protein localizations facilitating PR3 and hPLSCR1 interaction.
Co-immunoprecipitation experiments from neutrophil lysates were carried out next to determine whether a physical interaction exists between PR3 and hPLSCR1. PR3 and hPLSCR1 were immunoprecipitated. Each immunoprecipitation was validated by Western blot analysis, using anti-PR3 ( Figure 3D ) and anti-hPLSCR1 ( Figure 3E ). The reciprocal detection of the two proteins validated the protocol and supported the notion of PR3-hPLSCR1 association. Of note, neither PR3 nor hPLSCR1 was immunoprecipitated with control IgG. This PR3-hPLSCR1 interaction was also confirmed by reciprocal coimmunoprecipitation from apoptotic neutrophil lysates (data not shown).
To assess the specificity of the colocalization of PR3 with PLSCR1, we examined whether PR3 could co-localize with αII-spectrin, a protein found at the inner face of the plasma membrane that interacts with actin microfilaments and is necessary for cell integrity.
As shown in Figure 4A , immunofluorescence microscopy analysis of αII-spectrin labeling demonstrated a homogeneous expression in neutrophils mostly located, as expected, at the plasma membrane. Confocal microscopy analysis confirmed this membrane localization and showed that PR3 co-localized to only a very limited extent with spectrin in the neutrophil membrane under basal conditions and after physiologic apoptosis induction ( Figure 4B Figure 4C) . Hence, PR3-hPLSCR1 colocalization was probably not the fortuitous result of their being in the same cellular compartment but rather reflected a molecular interaction.
Functional interaction between PR3 and rPLSCR1 in RBL/PR3
We next investigated whether the PR3-PLSCR1 association might influence apoptosisinduced PR3 externalization. However, because it was impossible to modulate specifically PR3 or PLSCR1 in mature neutrophils, we used our cellular model of RBL-2H3 cells stably transfected with human PR3 cDNA or its enzymatically inactive mutant PR3S203A. [14] [15] [16] We verified by flow cytometry analysis of intracellular PR3 that RBL/PR3 and RBL/PR3S203A
but not RBL/CT expressed recombinant human PR3 ( Figure 5A ). Western-blot analysis of PLSCR1 using a rabbit anti-PR3 peptide, showed that it was detected at an apparent molecular mass of 37 kDa in RBL/CT, RBL/PR3 and in RBL/S203A thus demonstrating an absence of rPLSCR1proteolysis by PR3 in RBL/PR3 under either basal or apoptotic conditions ( Figure   5B ).
Immunofluorescence double-labeling experiments were performed on RBL/PR3 and RBL/PR3S203A, using a rabbit anti-PR3 (directed against the whole PR3 molecule) and rhodamine-conjugated mouse anti-rPLSCR1 monoclonal antibodies. Confocal fluorescencemicroscopy showed a partial co-localization of PR3 and rPLSCR1 under basal condition in both transfected cell lines, with a respective colocalization percentages of 46% ± 4.7 and 54% ± 3.6 ( Figure 5C ). Interestingly, after etoposide-induced apoptosis, flow cytometry performed on 7AAD-negative cells detected immuno-labeled rPLSCR1 at the cell surface without permeabilization, strongly suggesting that, like PR3, rPLSCR1 was externalized upon apoptosis ( Figure 5D ). The RBL cells used for the analysis of the membrane expression of rPLSCR1 were not necrotic and had an intact plasma membrane, thus precluding an artefactual access of the antibody to intracellular PLSCR1. Moreover, rPLSCR1 and annexin-V double-immunolabeling demonstrated a strong relationship between rPLSCR1 and PS only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From externalization on RBL-2H3 lines, which paralleled that of PR3 and PS externalization on RBL/PR3 and in RBL/PR3S203A that we described previously. 16 To test whether PLSCR1-PR3 interaction might facilitate its membrane expression, we used siRNA technology to inhibit specifically rPLSCR1 expression in RBL/PR3. RBL/PR3
were electroporated with a duplex siRNA targeting the specific degradation of rPLSCR1 mRNA. First, we checked that control PE-conjugated siRNA was successfully internalized by cells, with 85% ± 5 (n = 4) positive cells ( Figure 6A ). As expected, rPLSCR1 was detected by Western blot analysis after electroporation of control-siRNA but was markedly lower (> 50% extinction; using image J software) in cells transfected with rPLSCR1 siRNA ( Figure 6B ). No modulation of the control FcεRIβ was detected. No difference in cell viability assessed by 7AAD labeling was observed between cells transfected with control-siRNA or rPLSCR1 siRNA, before or after etoposide-induced apoptosis thus strongly suggesting that rPLSCR1 did not modify RBL survival (data not shown). After etoposide-induced apoptosis, membrane PR3 expression measured on 7AAD-negative cells, declined on cells transfected with rPLSCR1-siRNA (40%) compared to those transfected with control siRNA (60%) ( Figure   6C ). Concomitantly, a significant decrease in rPLSCR1 membrane expression was also observed on cells transfected with rPLSCR1-siRNA (20%) compared to those transfected with control siRNA (45%) in the typical experiment shown in Figure 6D . Moreover, in parallel with the decreased membrane expression of PR3 and rPLSCR1, annexin-V-positive RBL/PR3 after rPLSCR1 siRNA transfection were significantly lower than control-siRNA transfection, thus demonstrating decreased PS externalization after rPLSCR1 protein extinction ( Figure   6E ). These data strongly suggest that rPLSCR1 is involved in membrane PR3 expression during apoptosis-induced phospholipid redistribution between the two plasma membraneleaflets.
Apoptosis-induced membrane PR3 expression impaired macrophage phagocytosis of RBL/PR3 and RBL/PR3S203A
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To explore i) whether apoptosis-induced membrane PR3 expression could interfere with the mechanism of clearance by macrophages, and ii) if so, whether PR3 enzymatic activity was required, we determined the phagocytosis rates of apoptotic RBL/PR3 or RBL/PR3S203A. As we previously described, etoposide-induced apoptosis resulted in: 1) PS externalization on control RBL, RBL/PR3 or RBL/PR3S203A and 2) membrane PR3 expression on RBL/PR3 or RBL/PR3S203A ( Figure 7A ). Apoptosis-induced membrane PR3 expression was closely associated with PS externalization on RBL/PR3 and RBL/PR3S203A. This relationship was independent of PR3 enzymatic activity, since same results were obtained for RBL/PR3 and inactive RBL/PR3S203A.
We then hypothesized that PR3 could modulate macrophage phagocytosis of apoptotic cells because PS externalization is an "eat-me signal" recognized by phagocytes. Macrophages were immunolabeled with a FITC-conjugated anti-CD14 monoclonal antibody and RBL-2H3 cells were labeled with TAMRA. Red phagocytosed RBL-2H3 cells in green membranelabeled macrophages were quantified by confocal fluorescence-microscopy ( Figure 7B ). As expected, etoposide-induced apoptosis triggered PS externalization and significantly increased the percentages of phagocytosis of all transfectants ( Figure 7C ). It should be noted that PS externalization was comparable for the RBL-2H3 transfectants. Phagocytosis of RBL/PR3, which expressed membrane PR3 and PS decreased significantly, compared with RBL/CT ( * * P < .01), thereby demonstrating that PR3 impaired phagocytosis mechanisms. Interestingly, this effect was independent of PR3 enzymatic activity because it was also observed for RBL/PR3S203A expressing the inactive PR3 mutant. It could be postulated that PR3 might bind to some partner protein(s) independently of its enzymatic activity and interfere with either macrophage recognition or effector mechanisms. Interestingly, the rate of phagocytosis of apoptotic neutrophils and RBL/PR3 were not significantly different as shown in supplemental data.
Discussion
org From
Although the principal PR3 pool is stored within the azurophilic granules of neutrophils, we previously reported that a fraction of this serine-proteinase was expressed at the plasma membrane of resting neutrophils, which could be explained by PR3 presence in the membranes of the secretory vesicles that are easily mobilized to the surface. 9 The data presented herein identified PLSCR1 as a molecular partner for PR3 which is then able to translocate during apoptosis-induced membrane flip-flop, independently of degranulation. In contrast, MPO and HNE were not detected at the cell surface during apoptosis.
To date, very little is known about neutrophil-membrane expression of the two ANCA antigens PR3 or MPO, during apoptosis. Our results differ from those of Gilligan et al 35 , who
reported that both molecules were externalized during apoptosis because of the translocation of azurophilic granules to the plasma membrane. This phenomenom seems to occur when neutrophils undergo late apoptosis and secondary necrosis, 36 leading to expression of all granule proteins on the cell surface. Indeed, to avoid degranulation, we used a 6-hour incubation, which was sufficient to induce significant PS exposure. Notably, the authors of all studies that achieved modulation of membrane PR3 or MPO expression during apoptosis had always used tumor necrosis factor-alpha, which is a priming agent known to up-regulate both ANCA antigens on neutrophils. 37, 38 Thus, to the best of our knowledge, the results of this study are the first to differentiate the respective effects, namely physiologic apoptosis, secondary necrosis and degranulation, on the membrane expression of these antigens. Notably, we were first able to demonstrate that the mechanisms leading to membrane PR3 expression are clearly distinct from those involved in membrane MPO expression. Absolutely no membrane MPO expression was seen on neutrophils undergoing physiologic apoptosis. Thus, this new finding, that PR3 can be mobilized to the neutrophil plasma membrane after apoptosis induction, in the total absence of degranulation, strongly suggests that a PR3 pool was externalized by apoptosis-induced membrane flip-flop and that it differs from the intragranular pool. Our present data obtained in mature neutrophils are in agreement with our previous study in RBL/PR3, showing only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From apoptosis-induced PR3 externalization in the absence of degranulation. Therefore, apoptosisinduced PR3 membrane expression does not result from release of intracellular PR3 followed by rebinding to the plasma membrane. 16 To further elucidate the existence of this PR3 pool, we used an artificial model of granule-free neutrophils, called cytoplasts, 25 which are ideal to explore degranulationindependent phenomena, as they contain one-third of the plasma membrane and about onehalf of the cytoplasm present in intact neutrophils. 39 However, their cytosol and plasma membrane retain the apparatus for phagocytosis, generation of bactericidal oxygen compounds and killing bacteria. 25 First, we confirmed that cytoplasts externalized PS after apoptosis induction at the same rate as neutrophils. In fact, although cytoplasts lack nuclei, mitochondria and granules, they can display some features of apoptosis such as caspase activation or PS externalization. 40 Subsequently, we also verified that cytoplasts too had apoptosis-induced membrane PR3 expression. Taken together, these results confirmed the existence of a PR3 pool independent of the granular one that can be mobilized during apoptosis.
We were also able to demonstrate that PLSCR1 is a membrane partner of PR3. The association of these two proteins may contribute to their externalization during the membrane rearrangement that accompanies apoptosis. In apoptotic RBL cells, we showed that both PR3
and PLSCR1 transit to the cell surface; we have performed this analysis on annexin-V positive but 7AAD-negative cells to make sure of apoptotic cell's membrane integrity.
Moreover, we have previously demonstrated, in elastase-transfected RBL cells, that there is no artefactual membrane expression of an intracellular protein, for instance elastase, during etoposide-induced apoptosis 16 . The observation that PLSCR1 was externalized during apoptosis is of interest as it may be related to the ability of PLSCR1 to promote redistribution of phospholipids between the two leaflets and may reflect a general property of apoptotic membranes.
It can be hypothesized that PR3 and PLSCR1 are part of a network of membrane flipflop-associated proteins. Indeed, in neutrophils, both PR3, 34 and PLSCR1 have been localized in lipid rafts. 28 Interestingly, PLSCR1 was also found in the membranes of secretory vesicles where we also detected PR3. PLSCR1 function is not restricted to apoptosis-induced flip-flop because it was expressed at the membrane of f-MLP-activated neutrophils and was detected on neutrophil uropods during migration. 28 It could be relevant to determine whether PLSCR1
and PR3 are associated in apoptosis-independent PLSCR1 functions, like migration or activation in which we foresee that they might cooperate. We have not yet elucidated the mechanisms by which PR3 in cooperation with PLSCR1 could translocate and cross the plasma membrane in order to be expressed at the cell surface. Indeed, PR3 does not have a transmembrane domain, but it does harbor various hydrophobic regions. Although the results of one study showed that PR3 association with the neutrophil membrane was only through ionic interactions, 41 we found that membrane PR3 expression could not be suppressed by high salt concentration. 9 Moreover, in liposomes, PR3 partially inserts into the hydrophobic region of the lipid membranes, thus strongly suggesting that PR3 behaves as a peripheral membrane protein. 42 PR3 association with the plasma membrane might involve strong hydrophobic interactions with lipids and most likely requires some protein partners such as CD177 which has been recently described. 43, 44 Finally, the impaired macrophage phagocytosis of apoptotic RBL-2H3 expressing surface PR3 that we observed might explain the pro-inflammatory role of neutrophils PR3 membrane in vasculitis and rheumatoid arthritis patients. Our results show that PR3 enzymatic activity was not required for this effect, thereby demonstrating that no proteolysis was necessary for this inhibition of apoptotic cell recognition and/or engulfment. Hence, this mechanism might be distinct from that described for HNE, which inhibited macrophage removal of neutrophils by cleaving the PS receptor. 45 For several years, PS externalization has been accorded a critical role in apoptotic cell clearance as it is recognized by its receptor on macrophages, 46 but this concept has now become controversial. 47 Hence, the mechanisms of only.
For personal use at PENN STATE UNIVERSITY on February 21, 2013. bloodjournal.hematologylibrary.org From apoptotic cell recognition and clearance are complex, 48 and the PR3-mediated effect might also involve several pathway(s) and/or protein interaction(s). Taking into account PR3 affinity for lipids, one could foresee that PR3 itself might be a direct PS-binding protein and thus interfere with PS-mediated phagocytosis. This hypothesis is in keeping with the fact that the enzymatic activity of PR3 is not required for the inhibitory effect of membrane PR3 on macrophage phagocytosis. Further investigations will be required to fully address this critical issue.
It must be emphasized that anti-PR3 ANCA present in Wegener's granulomatosis might also interfere with PS externalization and/or macrophage clearance of neutrophils. 49 Indeed, it was previously described that ANCA accelerated tumor necrosis factor-alphainduced apoptosis with uncoupling of nuclear and surface membrane changes, yielding to less phagocyte recognition and engulfment. Quantification of macrophage phagocytosis. The phagocytosing macrophages were identified by confocal microscopy to ensure that the RBL cell had been engulfed and were not just sitting on the macrophage surface. Phagocytosis rates were calculated as the ratio between the number of phagocytosing macrophages on total macrophages. As expected, phagocytosis rates of apoptotic RBL/CT or RBL/PR3 or RBL/PR3S203A were higher than viable RBL lines (P< .001, for all transfectants using ANOVA, not indicated in the figure) . The rates of apoptotic RBL/PR3 and RBL/PR3S203A phagocytosis were significantly lower than that of apoptotic RBL/CT ( * * P< .01, ANOVA) but RBL/PR3 and RBL/PR3S203A rates were comparable (NS, ANOVA). Data are mean ± SEM from 8 independent experiments.
